Bacteroides gingivalis W50 was grown in a chemostat under steady-state conditions at pH 7.5 ± 0.2 and a constant growth rate of 6.9 h for periods of up to 6 weeks (146 bacterial generations) in a complex medium. Hemin was capable of limiting the growth of cells up to a concentration of approximately 0.5 ,ug/ml since higher concentrations of hemin did not increase cell yields; cells grew in the absence of exogenously added vitamin Kl. Only a limited number of amino acids was metabolized during growth, but because none of these was totally depleted, the limiting nutrient under hemin excess conditions was probably a peptide. A range of fermentation products was produced under all conditions of growth; higher concentrations of cytotoxic metabolites such as propionate and butyrate were formed under hemin excess conditions, although more ammonia was released under hemin limitation. When viewed by electron microscopy, cells grown under hemin limitation appeared to be either coccobacillary or short rods and possessed few fimbriae per cell, but large numbers of extracellular vesicles could be seen both surrounding the cell surface and free in the environment. In contrast, cells grown under hemin excess conditions were more commonly coccus shaped and were more heavily fimbriated but had fewer extracellular vesicles. Marked differences were found in the susceptibility of mice to infection with cells grown under different concentrations of hemin. Cells transferred to media without any added hemin were avirulent, whereas those grown under conditions of hemin limitation (0.33 and 0.40 ,ug/ml) produced a 20 and 50% mortality in mice, respectively. In contrast cells grown under hemin excess always caused 100% mortality in mice, although this virulence was dose dependent. When virulent, the bacteria caused an extensive, spreading infection with necrosis of the skin and subcutaneous tissues. Collagen disintegration was seen histologically, implying a role for collagenase production in the pathogenicity of these bacteria.
Bacteroides gingivalis W50 was grown in a chemostat under steady-state conditions at pH 7.5 ± 0.2 and a constant growth rate of 6.9 h for periods of up to 6 weeks (146 bacterial generations) in a complex medium. Hemin was capable of limiting the growth of cells up to a concentration of approximately 0.5 ,ug/ml since higher concentrations of hemin did not increase cell yields; cells grew in the absence of exogenously added vitamin Kl. Only a limited number of amino acids was metabolized during growth, but because none of these was totally depleted, the limiting nutrient under hemin excess conditions was probably a peptide. A range of fermentation products was produced under all conditions of growth; higher concentrations of cytotoxic metabolites such as propionate and butyrate were formed under hemin excess conditions, although more ammonia was released under hemin limitation. When viewed by electron microscopy, cells grown under hemin limitation appeared to be either coccobacillary or short rods and possessed few fimbriae per cell, but large numbers of extracellular vesicles could be seen both surrounding the cell surface and free in the environment. In contrast, cells grown under hemin excess conditions were more commonly coccus shaped and were more heavily fimbriated but had fewer extracellular vesicles. Marked differences were found in the susceptibility of mice to infection with cells grown under different concentrations of hemin. Cells transferred to media without any added hemin were avirulent, whereas those grown under conditions of hemin limitation (0.33 and 0.40 ,ug/ml) produced a 20 and 50% mortality in mice, respectively. In contrast cells grown under hemin excess always caused 100% mortality in mice, although this virulence was dose dependent. When virulent, the bacteria caused an extensive, spreading infection with necrosis of the skin and subcutaneous tissues. Collagen disintegration was seen histologically, implying a role for collagenase production in the pathogenicity of these bacteria.
Although periodontal diseases in humans are associated with a complex community of microorganisms, several studies have reported a correlation between the presence of specific groups of bacteria and disease. In particular, members of the black-pigmented Bacteroides spp. have been strongly implicated, and of these, Bacteroides gingivalis has been isolated frequently and in high numbers from periodontal pockets of adult patients with advanced periodontitis (for a review, see reference 24) , while the organism is recovered rarely and only in low numbers from healthy gingival sites (3, 16, 24) . Moreover, B. gingivalis appears to be most virulent in experimental animals, as it is the only black-pigmented Bacteroides spp. repeatedly to cause spreading, inflammatory infections when it is monoinfected.
Many virulence determinants of bacteria, including B. gingivalis (24) , are cell surface components or extracellular products, such as capsules, toxins, and enzymes, the synthesis and secretion of which can be markedly affected by growth conditions. In the host (and unlike conventional batch cultures in the laboratory), the growth of pathogens is at submaximal rates due, for example, to the presence of essential nutrients or cofactors at growth-limiting concentrations. Indeed it has been argued that some virulence determinants might only be expressed during growth under the specific conditions found in vivo (27) , while other potential factors identified in the laboratory may play little or no role in disease. Thus when studying virulence factors of pathogens in the laboratory it is important to take into account the conditions of growth likely to prevail in the host. In this respect the chemostat, by means of its rigidly controlled but infinitely variable growth environments, has proved to be of great value in studying potential phenotypic variability in pathogens and in maintaining virulent bacteria during laboratory culture (19) , which can be of great value in vaccine manufacture.
The precise environmental conditions at any one time in a periodontal pocket or in an animal model during the course of an infection are not known, but it has been shown recently that the growth of a number of pathogenic gram-negative bacteria either in chambers implanted in animals (7, 20) (22, 31) . The organism was grown in an LH series II chemostat (LH Engineering, Stoke Poges, England) at a constant pH of 7.5 ± 0.2 (the automatic addition of neutralizing acid or alkali proved unnecessary) and a dilution rate of 0.1 h-1 (this corresponds to a constant mean generation time of 6.9 h). The temperature was maintained at 36°C with an exterior heating lamp, and the culture was gassed continuously with 5% CO2 in N2; trace amounts of oxygen were removed by passing the gas through an oxy-trap (Ailtech Associated, Carnforth, England). The working volume of the chemostat was 550 ml. Oxygen-impermeable butyl rubber tubing (Sterilin, Teddington, England) was used on all culture inlets, except for a short length (10 cm) of silicone rubber tubing for use with a variable-speed peristaltic media pump (Watson-Marlowe, Falmouth, England). The medium was a modified BM medium (22) containing the following (per liter of distilled water): proteose peptone, 10 g; yeast extract, 5 g; trypticase peptone, 5 g; KCl, 2.5 g; cysteine hydrochloride, 0.5 g. The medium (5 liters) was brought to a boil and autoclaved at 121°C for 30 min. A stock solution of hemin (Sigma Chemical Co., Poole, England) was prepared by dissolving 50 mg of 1 ml of 1 M NaOH and making up to 100 ml with distilled water (9) . The solution was autoclaved at 121°C for 15 min and added to the BM medium to give final hemin concentrations ranging from 0.3 to 5.0 jig/ml. Sterile vitamin K1 (Sigma) was added to the BM medium, when required, at a concentration of 1 ,ug/ml. Fresh medium was prepared at regular intervals in small volumes (5 liters) and was protected from direct sunlight.
Inoculation. B. gingivalis W50 was grown to latelogarithmic phase in a batch culture at 37°C in an atmosphere of 10% C02-20% H2 in nitrogen in the modified BM medium supplemented with 5 ,ug of hemin per ml. Approximately 300 ml of such a culture containing 108 CFU/ml was used to inoculate the chemostat.
Growth parameters. The pH, Eh, turbidity, and dry weight of the cultures were determined regularly as described previously (15) when steady-state conditions were attained following growth over a range of hemin concentrations. Ten pot volume changes of media were allowed to elapse before a culture was considered to have reached a steady state. Viable counts were determined by serially diluting fractions of the culture fluid in BM and plating 100 ,ul of each dilution onto 10% (vol/vol) horse blood agar plates (blood agar base no. 2, Oxoid Ltd., Basingstoke, England) and incubating at 37°C for 10 to 15 days in an atmosphere of 10% C02-20% H2 in nitrogen. Culture supematants were collected by centrifugation (10,000 x g for 10 min), and the patterns of amino acid metabolism and fermentation products were determined by comparison with uninoculated media, as described previously (15).
Electron microscopy. One drop of cell suspension from the chemostat was applied to a Formvar-carbon-filmed, 400-mesh copper electron microscopy specimen grid with a disposable plastic loop. After approximately 30 s, surplus cell suspension was removed by touching the side of the specimen grid with a piece of filter paper and was replaced by a drop of 1% (wt/vol) sodium silicotungstate (pH 7.0). This negative stain was similarly removed, and the grid was then air dried prior to examination in a Philips EM 400T electron microscope operated at 80 kV.
Mouse pathogenicity test. The virulence of cells grown in the chemostat under different concentrations of hemin was compared in mice using a pathogenicity model based on that of van Steenbergen et al. (31) . Fresh cells, taken directly from the chemostat, were concentrated by centrifugation (10,000 x g for 10 min) and suspended in BM, and viable counts were performed. Female Porton strain albino mice (body weight, 20 to 25 g) were anesthetized with ether and injected subcutaneously at a site midway down each flank with 0.1 ml of the bacterial suspension standardized to give approximately 5 x 1010 cells per ml. Lower dilutions of cells, uninoculated medium, and heat-killed (80°C for 1 h) cells were similarly tested in mice. Deaths were recorded, and surviving animals were killed with ether at intervals from 2 to 14 days after infection. Postmortem examination was carried out; samples of the skin injection sites, abdominal skin, liver, kidney, lungs, and heart were fixed in 10%
(vol/vol) buffered neutral Formalin.
Histopathology. Blocks of Formalin-fixed tissues were processed by standard procedures and embedded in paraffin wax. Sections of these were cut at 5 ,um and stained with hematoxylin and eosin.
RESULTS
Growth of B. gingivalis in the chemostat. A heavy inoculum was essential for initiating the growth of B. gingivalis W50 in the chemostat. Once established, the Eh of the medium fell to approximately -350 mV, and the organism could be maintained for long periods; runs of up to 6 weeks (146 bacterial generations) were repeatedly obtained. Although a complex medium was used, growth of B. gingivalis was dependent on and could be limited by the hemin concentration of the growth medium ( excess, because supplementation of the medium with more cofactor did not affect cell yields (Fig. 1) . B. gingivalis grew in the absence of exogenously added vitamin K1; when vitamin K1 was added to the medium, there was no increase in dry weight of the culture (1.6 and 1.5 mg/ml, respectively). Analysis of culture supernatants. A wide range of volatile and nonvolatile fatty acids was produced following growth under hemin-limited and hemin excess conditions ( Table 1) . The concentrations of some of these acids (particularly butyric, isobutyric, and isovaleric) were higher during growth under hemin excess, even when the increased cell yields under these conditions were taken into account (Fig.  1) . The predominant products were butyric, acetic, and isovaleric acids; low concentrations of isobutyric, propionic, and phenylacetic acid were also detected.
Only a small number of amino acids were utilized during growth under hemin-limited and hemin excess conditions: the predominant amino acids consumed were arginine (53 and 85%, respectively), cystine (73 and 55%), histidine (76 and 80%), serine (76 and 87%), and tryptophan (25 and 50%), while, in addition, isoleucine (28%), leucine (25%), methionine (27%), and phenylalanine (40%) were metabolized only under conditions of hemin excess. Several amino acids increased in concentration during growth, presumably as a result of protease activity. As no amino acid was completely utilized during growth under hemin excess, the limiting nutrient would probably be a peptide. A number of other amino acids and derivatives not present in the uninoculated medium were found in culture filtrates, which also suggested protease activity. Fig. 2A) . Few fimbriated cells could be seen, but large numbers of extracellular vesicles or blebs were observed both surrounding the cell surface and free in the environment (Fig. 3A) . In contrast, under conditions of hemin excess, cells were commonly round (0.6 to 0.7 ,um in diameter; Fig. 2B ) and appeared to be heavily fimbriated (>50 fimbriae per cell) with fewer extracellular vesicles (Fig. 3B) . Chains of from 5 to 10 cells were a common feature of both growth conditions ( Fig. 2A and B) . Pathogenicity of B. gingivalis in mice. Marked differences were found in the susceptibility of mice to infection with cells grown under different concentrations of hemin (Table  2) . Cells grown in basal BM medium without the addition of any exogenous hemin (other than that transferred with the inoculum) gradually washed out of the culture. Viable cells, when collected and injected subcutaneously into mice, were avirulent. In contrast, cells growing under steady-state conditions in BM medium supplemented with 0.33 and 0.4 ,ug of hemin per ml (at these concentrations, hemin was the growth-limiting nutrient; Fig. 1 (B) . Cells grown under hemin-limited conditions appear as short rods, whereas those cultured under hemin excess conditions were coccus shaped. Bar, 1 ,um. contained areas of alveolar collapse, edema, and polymorphonuclear leukocyte infiltration.
DISCUSSION
It is well established that the pathogenicity of bacteria is markedly affected by the growth environment (29) , the properties of organisms grown in vivo are different from those of batch-cultured cells (1, 4, 7, 10, 20) , and the chemostat can be of value in bridging this gap by enabling bacteria to be cultured under conditions that resemble more closely growth in vivo, e.g., growth is continuous, is at submaximal rates, and is under nutrient limitation (19, 29) . In the present study we describe for the first time the growth of the periodontal pathogen B. gingivalis W50 in continuous culture which enables the organism to be maintained under steady-state conditions for periods of up to 6 weeks (146 generations). Ideally, for chemostat studies, a chemically defined medium should be used so that the nutrient responsible for limiting growth can be selected and monitored. Because of the fastidious nature of this organism and the resultant paucity of data on its nutritional requirements, only a complex medium was available. Nutrient limitation was achieved by exploiting the requirement of B. gingivalis for hemin (5) . Although added routinely to most laboratory culture broths used to grow obligately anaerobic bacteria (9), hemin is essential mainly for the black-pigmented Bacteroides spp. The addition of hemin has been shown to increase intracellular catalase activity in Bacteroides distasonis, which had the effect of raising the aerotolerance of cells (6) , but the main requirement for hemin by the black-pigmented Bacteroides spp. appears to be as a precursor for their characteristic pigment (21) . Hemin limited the growth of B. gingivalis up to a concentration of approximately 0.5 p.gIml. Higher concentrations of hemin did not affect cell yields, but it was not possible to determine the nutrient that limited growth under these conditions. Analysis of culture filtrates showed that only a limited number of amino acids was utilized, and none was completely depleted from the medium. Other species of Bacteroides have been shown to have only a limited capacity to use free amino acids (18, 32) , and it may be that these bacteria have requirements for particular oligopeptides. The previously reported high proteolytic activity of B. gingivalis (11, 14, 23) , confirmed by our finding of an increase in the concentration of certain amino acids in culture supernatants, would generate such peptides from complex molecules found both in laboratory media and in the periodontal pocket and would possibly also release heme from iron-transporting plasma proteins which would be present during infection (2) . Perhaps a surprising observation made in the study reported here is that B. gingivalis grows in the absence of exogenously added vitamin K1, which is normally regarded as an essential cofactor (5 (30) , while differences were also found in their cell surface structures. Under conditions of hemin excess, cells were heavily fimbriated, which may aid their colonization of host tissues (26) . In contrast, a greater number of surface vesicles was seen on and around cells grown under hemin-limited conditions. Such structures have been seen previously on batch-grown cells of B. gingivalis (17, 22, 26, 33) and also on some strains of Actinobacillus actinomycetemcomitans (8) . Vesicles from the latter have been purified from culture supernatants and have been shown to contain virulence-associated factors such as endotoxin, a heat-labile protease-sensitive bone resorptive agent, and leukotoxin protein (8) . It has yet to be established whether any biological activity resides in the vesicles produced by B. gingivalis. Future work will concentrate on characterizing in full the properties of cells grown with a diminished virulence. Although the mouse test as used here was only a general, nonspecific model of pathogenicity, the findings may have relevance for periodontal disease. The concentration of free hemin in crevicular fluid is not known with certainty, but it is likely to be low. It is perhaps important to note that, of the black-pigmented Bacteroides spp., B. gingivalis is the most efficient in the laboratory at degrading heme-containing plasma proteins (2) , while the proportions of black-pigmented Bacteroides spp. (these isolates were not determined to the species level) increased significantly (from barely detectable levels to 0.2% of the cultivable flora) when bleeding developed in human volunteers in an experimental gingivitis study (12) . The modulation of bacterial virulence by essential nutrients that may be available in vivo only intermittently, depending on the interplay between tissue damage and repair, may be one of the contributing factors to the observation and proposal that destructive periodontal disease does not occur at a slow, continuous rate but progresses in bursts by recurrent acute episodes (28) .
